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Abstract 
In this paper, we present the results of density functional theory-based (DFT) electronic structure calculations to 
investigate the reactions at the interface between the magnesium end-member of olivine (forsterite, Mg2SiO4), and 
water at temperature and pressure relevant for weathering and mineralization. The work aims at gaining an 
understanding of the interfacial chemical reactions between water and olivine at the atomistic level to aid mechanistic 
description of these reactions in process modeling and optimization at continuum scale. 
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1. Introduction 
Carbon Capture and Storage (CSS) technologies rely on fixing CO2 ultimately into stable carbonates 
through a mineralization reaction based on an aqueous chemical reaction where an alkaline source 
dissolves and releases divalent cations (e.g., Ca2+ and Mg2+) which react with CO2 to produce, e.g., calcite 
(CaCO3) or magnesite (MgCO3). The major alkaline sources are the silicate minerals, such as olivine, 
serpentine, and wollastonite [1].  
In an aqueous system and in the presence of CO2, olivine undergoes hydration, i.e., water molecules 
react with the mineral surface, followed by dissolution and, subsequently, by carbonation. For the 
magnesium end-member of olivine (forsterite, Mg2SiO4), the dissolution and carbonation reactions are, 
respectively, 
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Forsterite dissolution is a surface-controlled reaction which is kinetically hindered at atmospheric 
conditions and favored at acidic pH and in the presence of organic compounds [2,3,4,5]. To enhance it  
several options can be applied, e.g., an increase of the temperature, an increase of the surface area, and a 
tuning of the chemical composition of the aqueous system by the addition of chemical compounds which 
catalyze the dissolution reaction. The optimal selection or the design of the chemical compounds require, 
however, an understanding of the surface reactivity of forsterite in an aqueous system [2,3,4,5]. Generally, 
the reactivity of a surface is controlled by the atomic and electronic structure of its interface which in turn 
depends on the bulk structure and composition and the thermodynamic conditions [5,6,7,8,9,10,11]. 
Therefore, the understanding of the forsterite surface reactivity could be achieved through the study of the 
interfacial interactions between forsterite and the aqueous system at the atomistic level using first 
principle calculations. These calculations could help to gain an insight in the physical interactions and, 
hence, allow developing a mechanism for the dissolution reaction. 
In this work, the adsorption and the decomposition of water (H2O) on forsterite (Mg2SiO4) are studied 
on the most kinetically stable stoichiometric surface (100) [12] using density functional theory-based 
(DFT) electronic structure calculations. The structure and the energetics were investigated for H2O 
adsorbed at different reactive surface sites comprised of magnesium, silicon, and oxygen atoms. Ab initio 
thermodynamic calculations were used to extend the first-principles DFT calculations under different 
conditions characteristic of weathering and mineralization processes to provide predictions of the changes 
in surface reactivity as a function of temperature and pressure. 
2. Computational methodology and optimized surface structure 
Periodic ab initio DFT calculations were performed using the Vienna ab initio Simulation Package 
(VASP) [13], which is a computational tool used to calculate the electronic properties of atoms and 
molecules in a given system. 
In this work, simulations were performed using the Perdew-Burke-Enzerhoff (PBE) [14] generalized 
gradient approximation (GGA) with the motion effects of the core electrons and their nuclei replaced by 
an effective core potential or pseudopotential. The pseudopotential employed in this work was based upon 
projector-augmented waves (PAW)-type [15,16] with an optimized cut-off energy of 460 eV. The 
optimized lattice parameters a, b, and c of the Mg2SiO4 bulk unit cell are 4.809 Å, 10.364 Å, and 6.063 Å, 
respectively, which are in agreement with experimental measurements by Smyth and Hazen [17], i.e., 
4.756 Å, 10.207 Å, 5.980 Å, respectively. 
The Mg2SiO4 surface (100) was simulated using a 4x1x1 (i.e., 19.235x10.364x6.063 Å3) supercell, 
which corresponds to a four-layer slab with symmetry and with the inclusion of a dipole correction. This 
supercell was selected to investigate the effect of coverage in the water adsorption mode. The slabs were 
separated by a vacuum layer of 20 Å between the periodic images of the unhydrated surfaces which has 
the purpose of reducing the dipole moment effect that could be created due to the periodical boundary 
conditions. The gas-phase water molecule (H2Ogas) was calculated as isolated molecules in a 25x25x25 Å3 
periodic box. The optimized structure has a bond length of 0.972 Å and angle of 104.646o, which are in 
agreement with the experimental values of 0.958 Å and 104.51o, respectively [18]. The Mg2SiO4 surface 
(100) is shown in Fig. 1 and its area is as large as 62.836 Å2. The surface energy per formula unit of the 
slab at 0 K is 0.259 eV/Å2, which corresponds to 4.155 J/m2, and is in agreement with the experimental 
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value of 4.41±0.21 J/m2 reported by Chen and Navrotsky [19]. More details about the methodology are 
given in Prigiobbe et al. [20]. 
 
 
Fig. 1. Clean Mg2SiO4 surface, where the Mg atoms are the yellow spheres indicated with labels Mg(1) and Mg(2), the Si atoms are 
the red spheres, while the O atoms are the red spheres indicated with labels O(1), O(2), and O(3). (a) View s of the four-layer 
Mg2SiO4 slab; (b) top view of the Mg2SiO4 surface (100) where the reactive surface sites are identified as in Table 1.  
3. Adsorption energy 
The adsorption surface energy (Eads, eV per H2O molecule) (or binding energy) was calculated as 
 
  (3) 
 
where Ehydr is the total energy of the hydrated Mg2SiO4 surface (100) where n water molecules are 
adsorbed either in a molecular or dissociated fashion, eV; Eclean is the total energy of the dehydrated 
Mg2SiO4 surface (100); EH2O(gas) is the total energy of the water molecule. A negative Eads means that 
adsorption of H2O(gas) is exothermic and the energy of the hydrated Mg2SiO4 surface (100) is lower 
compared to the sum of the energies of the dehydrated Mg2SiO4 surface (100) and the gaseous water 
molecule. The most negative value indicates the strongest interaction between water and surface and the 
most thermodynamically stable water-surface configuration. 
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4. Ab initio thermodynamics 
The prediction of the reactivity of olivine-water interface relies on the knowledge of its structure and how 
it is impacted by thermodynamic variables such as temperature and pressure. In this work, we used ab 
initio thermodynamics [21] to determine the stabilities of several possible surface terminations of 
hydrated olivine as a function of temperature and pressure and we focused in the range of temperature and 
pressure between 25 and 200oC (298-474 K) and 1 and 100 bar, respectively, where weathering and 
mineralization reactions occur. The surface free energy ( , eV/Å2) of a semi-infinite slab with one 
reactive surface in contact with a gas-phase reservoir at a given temperature T and pressure P is for our 
system given by 
 
                                                                                     (4) 
 
where Gsurf and GMg2SiO4 are the Gibbs free energies of the surface and of the unit cell (eV); NSi is the 
number of silicon atoms within the slab and NO the number of water molecules adsorbed; finally, H2O 
(eV) is the chemical potential of the gas-phase water molecule given by 
 
                                                                                                 (5) 
 
with EtH2O the total energy (eV); EZH2O the zero-point vibrational energy (eV); H2O(T,P0) is the chemical 
potential at the standard pressure P0 (eV); kB is the Boltzmann constant; and T (K) and PH2O (Pa) are the 
actual temperature and pressure values. More details about the derivation of eq. (4) and the calculation of 
the surface energy are given in Prigiobbe et al. [20]. 
5. Results and discussion 
The adsorption of water was analyzed on the (1x1)-unreconstructed Mg2SiO4 surface (100), which is 
reported schematically in part b of Fig. 1. On this surface, initially, a total number of 14 reactive sites was 
identified of which only 12 manifested significant reactivity. For the water-surface interaction, a distance 
between the surface atoms and either the oxygen or the hydrogen atoms in the water molecule was varied 
along the orthogonal direction to the surface plane (100) between 1.1 and 1.9 Å. For each site, several 
different configurations were tested and the most stable was selected. 
Overall water interacts in a molecular way (Mol), dissociative way (Dis), or a combination of them (Mix). 
The results are reported in Table 1. Here, the surface sites are listed together with the adsorption energy 
(Eads, eV per water molecule), the surface energy ( , eV/Å2) at 0 K, the coverage ( ), defined as the ratio 
between the number of adsorbed H2O molecules and the total number of reactive surface sites (i.e., 12), 
and the resulting ways of interaction. The results are organized in the following manner. The first part 
summarizes the interactions of the water molecule with the surface site, with the water placed with its 
axis orthogonally to the surface (100) plane. The second part reports the results from the interactions of 
the water placed with its axis parallel to the surface (100) plane where the H atoms bridge two oxygen 
surface atoms. The third part, finally, contains the results of the interactions of two surface sites, selected 
among the most reactive sites, with two water molecules. 
From testing all 12 available surface sites on the stoichiometric termination, it is evident that the most 
stable hydrated surfaces are those in which the water molecule interacts with the surface oxygen atoms. 
At this type of site, water predominantly dissociates with the OH- group interacting with the surface 
oxygen atom and the H atom interacting with the metal surface site. Configurations where dissociative 
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adsorption occurs show a significant surface reconstruction which may be responsible, in some cases, of 
such low adsorption energies (Eads < 3 eV for H2O molecule). Only two oxygen sites do not interact in a 
dissociative way, namely O1b and O3d. However, their corresponding adsorption energies are still 
significant and approximately 1 eV for H2O molecule. The average values of Eads for both the molecular 
and the dissociative adsorption at 0.08 coverage are, respectively, -1.214 and -2.907 eV per H2O 
molecule. While, the corresponding values at 0.17 coverage are -1.476 and -3.194 eV per H2O molecule. 
These values agree well with the adsorption energies calculated by King et al. [22], which correspond to 
of -1.653 and -3.319 eV per H2O molecule at 0.125 coverage on the Mg2SiO4 surface (100). 
Table 1. Adsorption energy (Eads, eV per H2O molecule) and surface free energy ( , eV/Å2) at 0 K calculated using eqs. (3) and (4), 
respectively, at different coverages. The adsorption sites are identified as in Fig. 1.b. The symbol nd indicates a value which was not 
calculated. 
Surface sites Eads, eV/H2O, , eV/Å2, , (-) Resulting water-surface interaction 
Mg1a 0.08 -1.075 0.244 Mol; 
Mg1b 0.08 -2.089 0.227 Mol; 
Mg2a 0.08 -0.791 0.247 Mol; 
Sia 0.08 -0.976 0.244 Mol; 
O1a 0.08 -2.100 0.232 Dis; O1a-H, Mg1a-OH-Mg1b 
O1b 0.08 -1.582 0.236 Dis; OH-Mg2a 
O2a 0.08 -4.700 0.185 Dis; Mg1a-OH-Mg1b, H-Sia 
O2b 0.08 -2.682 0.219 Dis; H-O2b, OH-Sia 
O3a 0.08 -1.755 0.233 Dis; H-O3a, OH-Mg2a 
O3b 0.08 -3.311 0.203 Dis; H-O3b,OH-Mg1a 
O3c 0.08 -3.596 0.206 Dis; H-O3c,OH-Mg1b 
O3d 0.08 -1.139 0.245 Mol;  
O1a-H2O-O2a 0.17 -3.531 nd Dis; O3b-H 
O2b-H2O-O1b 0.17 -1.071 nd Mol;  
O1a-H2O-O3b 0.17 -3.01 nd Dis; H-O3b, HO-Mg1b 
O3a-H2O-O3b 0.17 -3.194 nd Dis; O3b-H, Mg1a-OH-Mg1b 
O1b-H2O-O3d 0.17 -2.655 nd Mol;  
O2a-H2O-O3a 0.17 -3.531 nd Dis; H-O3a, OH-Mg1b 
O2a-H2O-O3b 0.17 -3.041 nd Dis; H-O3a, Mg1a-OH-Mg1b 
H2O-O2a, H2O-Mg1a 0.17 -3.034 0.156 Mix; HOH-Mg1a-OH-Mg1b, H-Sia 
H2O-O2a, H2O-O3c 0.17 -2.432 0.188 Mix; Mg1a-OH-Mg1b, H-Sia, HOH-O3c 
H2O-O3b, H2O-O2b 0.17 -2.059 0.222 Mix; OH-Mg2a, H-O3b; HOH-Mg2a 
 
In our analysis, we observed a clear energetic preference for the geometries O2a and O3c, and more in 
general, when the water molecule interacts with the O(2) and O(3) atoms. Among the four Mg atoms, 
Mg(1) located at the Mg1b site resulted to be the most reactive site with water, while Mg(2) located at the 
Mg2a site had the weakest interaction. Between the two silicon surface atoms, the Sia site resulted to be 
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the most reactive. The negligible interaction observed at the Mg2b and Sib sites is because of their 
location deep in the surface structure where the steric effect of the surrounding surface oxygen atoms may 
be strongly pronounced. This observation agrees with the previously done by Stimpfl et al. [7].  
Fig. 2 shows two examples of the interaction of water with the Mg2SiO4 surface (100). In particular, part 
a reports the surface relaxation upon molecular adsorption of water onto the Mg1b site, while part b 
shows the surface reconstruction upon dissociative adsorption of water onto the O2a site. In the latter 
case, water molecule dissociates with the OH- group interacting on the O2a site and the H- atom attached 
to Sia site. By analyzing the reconstruction of the surfaces upon interaction with water, it is possible to 
understand how water has influenced the surface structure. Therefore, the changes in the distances with 
respect to the stoichiometric surface upon water adsorption were determined for the most reactive surface 
sites and the results are illustrated in Fig. 2 and reported in parentheses nearby the bond length (Å).  
Parts a and b of Fig. 2 show the initial and final configurations of the molecular adsorption on the Mg1b 
site. Here, the surface reconstruction is clearly negligible given the small variations in the bond lengths 
and the interlayer distances with respect to the stoichiometric surface. On the contrary, the dissociative 
adsorption mechanism causes strong reconstruction of the surface as it is possible to see on part d of this 
figure. Initially, here, the water molecule was placed close to the O2a site in a vertical configuration, and 
upon interaction, it dissociates producing a OH- water group which bridges Mg1a and Mg1b sites and a H 
atom which binds to the Sia site.  
The negligible surface reconstruction of the surface upon molecular adsorption indicates a weak 
interaction between water and the surface site and may suggest physisorption of water at that site; 
whereas, the pronounced reconstruction of the surface upon dissociative adsorption indicates a strong 
interaction between water and may suggest a covalent bond between the water molecule and the reactive 
site and therefore chemisorption of water at the O2a and Sia sites. Similar observations have been made 
by Lo et al. [23] in the case of the interaction of water with hematite. However, to identify the type of 
adsorption, the study of the reactivity of the surface sites through density of states (DOS) analysis should 
be performed and this is one of the objectives of future work. 
 
The dissociative adsorption mechanism has been tested further to verify its robustness. At this aim, three 
different simulations were performed where two water molecules simultaneously interact with O2a and 
Mg1a, O2a and O3c, and O3b and O2b along the orthogonal direction to the surface plane (100). In all 
three cases, the water molecule dissociats as on the most reactive site between the two involved in each 
pair, i.e., as on the O2a and O3b sites. The surface energy decreases and the adsorption energy remains 
within the values obtained for each individual surface site, as expected. In the first configuration, one 
water molecule dissociates at the O2a site, creating a hydrogen bond with the water molecule at the Mg1a 
site and a Si-H bond at the silicon surface site. No interactions between the two water molecules occurred 
in the second case, but water interacts dissociatively on O2a site and molecularly on the O3c site. In the 
third case, the water molecule placed close to the O3b surface site decomposes and the resulting 
dissociative adsorption mechanism is similar to the one observed in the interaction of only one molecule 
interact with the O3b site, i.e., a H- water atom on O3b and a OH- water group on the Mg2a. The second 
water molecule interacts instead in a molecular way with Mg2a site moving from being closed to O2b. 
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Fig. 2 Two examples of water interaction with the Mg2SiO4 surface (100) where the bond and interlayer distances for the two most 
stable hydrated surfaces where molecular and dissociative adsorption occurred. 
 
The results from the analysis of the thermodynamic stability using ab initio thermodynamics are shown in 
Fig. 3 in terms of surface free energy as a function of temperature and partial pressure of H2O (PH2O). The 
surface energy of the different Mg2SiO4 surface (100) terminations as listed in Table 1 was calculated 
using eq. (4) at a constant PH2O of 0.03178 bar and 1.0145 bar, which correspond to the saturated water 
atmosphere at 298.15 K and 393.15 K, respectively (humid conditions). The temperature range of 
analysis is between 250 K and 500 K which includes the temperature of interest, i.e., the standard 
temperature of 298.15 K and the temperatures in for mineralization. For each configuration  increases 
linearly with temperature and in the same way as in all the configurations with equal surface coverage. 
The lowest-lying lines correspond to the most stable surface configurations. Within the entire investigated 
temperature range, at 0.08 coverage the most stable configuration is associated to the O2a surface site, 
while at 0.17 coverage the two most stable configurations are O2aMg1a and 2aO3c. These trends indicate 
that the resulting surface energy is predominantly affected by the interaction of water with the O2a 
surface site.  
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Fig. 3 Specific surface energy of the Mg2SiO4 surface (100) terminations interacting with water as a function of T and PH2O. 
6. Conclusions 
The results of our calculations provide optimized surface structures and total energies at 0 K for several 
configurations where H2O interacts with the Mg2SiO4 surface (100) both in a molecular and dissociative 
way. The average values of the calculated adsorption energies for 0.08 and 0.18 coverage are overall 
between -1.214 and -3.194 eV per water molecule which agree very well with previous literature data. Ab 
initio thermodynamics was used to extend the first-principles DFT calculations under conditions 
characteristic of weathering and mineralization processes to provide predictions of the changes in surface 
stability as a function of temperature and pressure. Under these conditions, the most stable configuration 
was identified with the interaction of two water molecules with a O(2) and a Mg(1) atoms. One water 
molecule dissociates at the O(2) site leading to the formation of an OH- group, which bridges two Mg(1) 
atoms, and an hydrogen which binds to a silicon atom, while the second water molecule is molecularly 
adsorption on the Mg(1) site and bound to the OH- group through hydrogen bond.  
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